Genetic diversity is a key parameter in population genetics and is important for understanding the process of evolution and for the development of appropriate conservation strategies. Recent advances in sequencing technology have enabled the measurement of genetic diversity of various organisms at the nucleotide level and on a genome-wide scale, yielding more precise estimates than were previously achievable. In this review, I have compiled and summarized the estimates of genetic diversity in humans and non-human primates based on recent genomewide studies. Although studies on population genetics demonstrated fluctuations in population sizes over time, general patterns have emerged. As shown previously, genetic diversity in humans is one of the lowest among primates; however, certain other primate species exhibit genetic diversity that is comparable to or even lower than that in humans. There exists greater than 10-fold variation in genetic diversity among primate species, and I found weak correlation with species fecundity but not with body or propagule size. I further discuss the potential evolutionary consequences of population size decline on the evolution of primate species. The level of genetic diversity negatively correlates with the ratio of nonsynonymous to synonymous polymorphisms in a population, suggesting that proportionally greater numbers of slightly deleterious mutations segregate in small rather than large populations. Although population size decline is likely to promote the fixation of slightly deleterious mutations, there are molecular mechanisms, such as compensatory mutations at various molecular levels, which may prevent fitness decline at the population level. The effects of slightly deleterious mutations from theoretical and empirical studies and their relevance to conservation biology are also discussed in this review.
INTRODUCTION
Genetic diversity is a measure of the genetic differences among individuals within a population and is an important research parameter in several areas of biology. For example, genetic diversity, generated as a consequence of mutations, is the ultimate source of variation for the longterm evolution of organisms; therefore, it is an important parameter in evolutionary biology. Its importance in biomedical research is attributable to the genetic variability within humans or experimental animal models in the reaction to drugs or in disease susceptibility. Furthermore, genetic diversity is an important criterion in endangered species conservation. Genetic diversity among humans provides insight not only into the demographic history of human populations but also into the long-term evolution of the human lineage. Comparative studies on human evolution chiefly focus on two divergent aspects, the similarities and differences of humans to other organisms, which can be addressed by a comparison of humans to other non-human primates. However, until recently, our knowledge of genetic diversity among non-human primates was limited owing to technical drawbacks.
A wide range of genetic diversity exists among the different taxa of living organisms, with seemingly simple Edited by Hiroshi Iwasakii * Corresponding author. E-mail: nosada@ist.hokudai.ac.jp N. OSADA organisms such as bacteria exhibiting greater genetic diversity than complex multicellular organisms such as vertebrates (Lynch, 2006) . Recent studies based on large-scale sequencing revealed that different families of animals exhibit different levels of genetic diversity, which are highly correlated with life history traits of the animals, such as body size, longevity, dispersal ability, fecundity and propagule size (Romiguier et al., 2014) . In general, species with a larger body size, longer life span, restricted niche and low fecundity have lower genetic diversity. The existence of this universal trend is surprising given that the population size of organisms, which is a major determinant of genetic diversity, can fluctuate as a consequence of environmental changes, and that closely related species can have significantly different population sizes. Although the underlying biological reasons are not clear, this correlation was attributed to the different ecological strategies, termed r/K selection strategies, typically employed by organisms (MacArthur and Wilson, 1967; Pianka, 1970) . Despite the controversy surrounding this issue (Reznick et al., 2002) , these terms remain useful as labels for the life history traits of different organisms. Organisms whose life history is subject to r-selection (r-strategists) and K-selection (Kstrategists) invest more resources toward the production and survival of offspring, respectively. Here, in the logistic growth model, r and K are parameters that represent population growth rate and carrying capacity, respectively. In general, K-strategists tend to exhibit lower genetic diversity than r-strategists, although r-and K-strategists are not always clearly distinguishable.
The theory of population genetics advocates that the effective population sizes of organisms exert a large influence on organismal evolution. The efficacy of natural selection correlates positively with effective population sizes (e.g., Kimura, 1964 ; see below for more detail); therefore, a reduction in genetic diversity could result in the enhanced fixation of slightly deleterious mutations, and eventually in decreased average fitness of the population. Therefore, genetic diversity is an important parameter in both evolutionary and conservation biology.
In this review, the current status of research on genetic diversity in humans and non-human primates is summarized, with a particular focus on genome-wide single nucleotide polymorphisms (SNPs). This review deals with four major topics: 1) the unbiased measurement of genetic diversity in different organisms. In the current genomic era, nucleotide diversity (heterozygosity at the level of single nucleotides) on a genome-wide scale provides the best statistical measure of genetic diversity; the methods employed for obtaining such statistical measures are briefly introduced in this review. 2) Previous studies have reported genetic diversity on a genome-wide level in several humans and non-human primates. Their results are summarized in this review to provide a reference for future studies.
3) The aforementioned data have been employed for conducting meta-analysis to clarify the correlation between data on genetic diversity and life history traits of primates, as observed at the level of animal families. 4) Finally, the effects of changes in population size on evolution and its relevance to conservation biology are discussed.
HOW IS GENETIC DIVERSITY QUANTIFIED?
Effective population size and nucleotide diversity Early molecular studies investigated polymorphisms at the protein level to estimate genetic diversity within populations (Harris, 1966; Lewontin, 1967) . Heterozygosity, defined as the probability of obtaining different alleles upon random sampling in a population, was frequently employed to quantify the level of genetic diversity. However, there are several problems associated with the use of protein heterozygosity as an indicator of neutral genetic diversity. For example, only mutations that have a significant effect on protein mobility in electrophoresis are detectable, and a large fraction of cryptic genetic variants exerting subtle effects on protein structure are liable to be overlooked. Moreover, some of the protein polymorphisms may not be selectively neutral; different proteins are under different levels of purifying (negative) selection, rendering it difficult to compare levels of genetic diversity estimated using different proteins.
The relatively easy determination of nucleotide sequence using DNA sequencing technology has overcome the above-mentioned problems. Heterozygosity in repeat length and nucleotide sequences is widely employed in current studies of genetic diversity. Nucleotide diversity (π), which is equivalent to heterozygosity, is defined as the average number of nucleotide differences per site between two randomly sampled sequences and is among the most frequently employed statistical measures for estimating genetic diversity within populations using SNP data (Nei and Li, 1979; Tajima, 1983) . Assuming the infinite-sites model in Wright-Fisher populations of constant size,
where N e is the effective population size and μ is the mutation rate per site per generation (see more detail in Charlesworth, 2009 ). According to this equation, the estimation of π and μ would allow the calculation of N e . Although the accurate estimation of μ is difficult and controversial, μ in human nuclear genomes has been estimated to fall within the range between 1.0 × 10 −8 and 2.5 × 10 −8
per site per generation (Scally and Durbin, 2012) . Therefore, π allows a rough estimation of the effective population size of a species (Lynch, 2010; Campbell and Eichler, 2013) . For example, under the assumption that in
humans, π = 1.0 × 10 −3 and μ = 2.5 × 10 −8 , N e is estimated to be 10,000.
Statistical properties of nucleotide diversity
Because π represents the average difference between two randomly chosen DNA sequences, this statistical measure is less sensitive to low-frequency (rare) polymorphisms.
Therefore, the estimates of π are robust against recent changes in population size, the segregation of deleterious mutations, and sequencing errors, which typically occur at low frequencies in samples. In other words, π is an indicator of long-term effective population size. There are several other statistical measures for quantifying genetic diversity within populations, such as those proposed by Watterson (1975) and Ewens (1972) ; however, those statistics are more sensitive to the presence of lowfrequency polymorphisms, which could be caused by recent population size changes. In contrast to these measurements of historical N e , an alternative approach for the estimation of N e by monitoring changes in allele frequency per generation could measure contemporary effective population sizes of small populations (Crow and Morton, 1955; Krimbas and Tsakas, 1971; Nei and Tajima, 1981) . The statistics sensitive to recent population size changes are not explained in the current review. Analysis of the nucleotide sequences of protein-coding genes enables the separate estimation of π for non-synonymous (π N ) and synonymous (π S ) sites. Assuming that synonymous sites are selectively neutral, π S can be considered an indicator of genetic diversity in populations.
In addition, the ratio of π N to π S reflects the strength of natural selection on the segregation of amino acid mutations within populations. Thus, the use of nucleotide sequences for the estimation of genetic diversity allows the effects of natural selection and neutral genetic drift to be disentangled. For example, at a genome-wide level, if the level of π S is identical in two species but one has lower π N than the other, it can be deduced that the effect of purifying selection has been stronger in the species with lower π N . However, the assumption that π S is unaffected by selection is not satisfied in certain species (Chamary et al., 2006) . Previous studies have proposed that synonymous sites are subject to weak selection for ensuring the efficiency of translation (Ikemura, 1981; Akashi, 1995) .
Codon usage bias appears to be weak in mammals (Subramanian, 2008) ; nevertheless, the non-neutral evolution of synonymous sites could have occurred in the highly expressed genes that are likely to be over-represented in transcriptome data. In addition, proteins of highly expressed genes are generally under stronger purifying selection and are more conserved than the other genes both between and within species (Liu et al., 2008) . Therefore, the action of natural selection on highly expressed genes potentially decreases the estimated values of π N and π S from background genomic values.
Advantage of genome-wide data for estimating genetic diversity Another important caveat in the use of heterozygosity and nucleotide diversity for the estimation of genetic diversity is their relatively large variance as a consequence of random genetic drift. In the absence of recombination, the expected difference between two randomly sampled sequences from a population is proportional to the coalescence time (the time elapsed since the last common ancestral allele) between the two sequences. Under the conditions of constant population size, the expected coalescence time and variance are 2N e generations and 4N e 2 , respectively (Tajima, 1983) . The accuracy of estimation is improved by increasing the number of samples, but the extent of the improvement is lower than that obtained upon increasing the number of analyzed loci. This is because samples from a population are not statistically independent (Tajima, 1983; Pluzhnikov and Donnelly, 1996; Felsenstein, 2006) . Mitochondrial DNA sequences, which have been widely employed in genetic research on non-human primates, provide precise estimates of the effect of recent demographic changes, when the sample size is very large (Maruvka et al., 2011) . However, single locus analysis fails to provide a reliable estimate of the effects of long-term demographic changes on genomes. In addition, mutation rate heterogeneity among loci may also affect the estimation of genetic diversity when a small number of loci are analyzed. In particular, the mutation rate of microsatellites is highly variable among loci, making the accurate estimation of mutation rate difficult (Payseur et al., 2011) . Despite the mutation rate heterogeneity among loci, if we assume that the magnitude of variation does not differ greatly among different species, comparing genome-wide averages of nucleotide diversity is a straightforward way to contrast nucleotide diversities between different species. Therefore, estimation of nucleotide diversity (or a related statistical measure) from data obtained from multiple loci, and ideally from whole-genome sequencing, is desirable for comparing genetic diversity between different taxa. Of note, the levels of genetic diversity in autosomal and sex-linked chromosomal loci are not directly comparable, because the effective population sizes of sexlinked loci (for example, the mitochondrial genome and sex chromosomes) differ from those of autosomes. In addition, the levels of natural selection operating on these loci can be different, and recent demographic changes exert different effects on genetic diversity in sex-linked chromosomes and in autosomes (Pool and Nielsen, 2007; Hammer et al., 2010; Osada et al., 2013) .
The recent use of second-generation DNA sequencers has allowed large-scale genome and transcriptome sequencing in several non-model organisms. Such approaches permit the estimation of genetic diversity in populations with relatively small sample sizes (Lynch, 2008; Haubold et al., 2010; Gayral et al., 2013; Osada, N. OSADA 2014) , given the absence of any strong inbreeding effect (for example, in captive-born animals) or cryptic population structure. This review deals primarily with data obtained from nuclear gene resequencing, particularly from genome resequencing and transcriptome sequencing studies carried out in primates, with lesser emphasis on studies of mitochondrial DNA and microsatellites.
Genetic diversity mirrors long-term effective population size; however, population size fluctuates over time as a consequence of stochastic and environmental changes. Recent studies employing whole-genome sequencing data for estimating past demographic changes in species have revealed interesting population histories for primates (Li and Durbin, 2011; Higashino et al., 2012; Prado-Martinez et al., 2013; Carbone et al., 2014; Fan et al., 2014; Prufer et al., 2014; Zhou et al., 2014) , as well as drastic and often multiple changes in effective population sizes. In theory, estimates of N e represent the harmonic mean of N e over past generations, which implies that population size contraction exerts a significant impact on genetic diversity in populations. Some of the estimated changes in population size are similar among different primate species that do not share recent demographic history, suggesting that common environmental factors (for instance, global temperature decline during the glacial period) are responsible for common patterns in population size changes.
GENETIC DIVERSITY IN THE NUCLEAR GENOMES OF PRIMATE SPECIES
Great apes (Hominidae) The genetic diversity in primate species is summarized in Fig. 1 . One of the earliest studies on genetic diversity at the nucleotide level revealed very low levels of genetic diversity in humans Fig. 1 . Phylogenetic tree and estimates of π in primates. Note that the branch length is not proportional to time. The tree has been extracted from previous studies (Perelman et al., 2011; Zhou et al., 2014) , except for the star-like phylogeny of gibbons in the present study, attributable to the extreme complexity of the speciation process (Chan et al. 2013; Carbone et al. 2014) . References: (1) Arbiza et al. (2014) , (2) (1), (2), (3) (2), (3)
(2), (4) (2), (4)
(3), (9) compared with Drosophila (Li and Sadler, 1991) . In recent genome-wide studies, π has been estimated to be approximately 1.0-1.2 × 10 −3 and 8.0 × 10 −4 in African and non-African human populations, respectively (Perry et al., 2012; Prado-Martinez et al., 2013; Arbiza et al., 2014) . Whether the other great apes, such as chimpanzees and gorillas, harbor similar levels of genetic diversity to human populations remained a subject of controversy (Morin et al., 1994; Wise et al., 1997; Cooper et al., 1998; Kaessmann et al., 1999 Kaessmann et al., , 2001 Yu et al., 2003 Yu et al., , 2004 Fischer et al., 2011) . Recent genome resequencing studies revealed a strong genetic structure at the subspecies level in chimpanzees and gorillas, but a high level of variability in genetic diversity within particular subspecies (Hvilsom et al., 2012; Perry et al., 2012; Prado-Martinez et al., 2013) . This discrepancy is attributable to a scarcity of analyzed loci and genetic heterogeneity among subspecies. ). Gorillas exhibit a pattern similar to that of chimpanzees, with the western lowland gorillas (Gorilla gorilla gorilla) displaying the highest genetic diversity among gorillas and the other two subspecies, eastern lowland and cross river gorillas (G. beringei graueri and G. gorilla diehli, respectively), displaying slightly higher genetic diversity than African humans.
Despite their current small census size, orangutans display the highest genetic diversity among the great apes. The Bornean orangutans (Pongo pygmaeus) exhibit a similar level of genetic diversity to central chimpanzees and western lowland gorillas (π = 1.7 × 10 −3
). The Sumatran orangutans (P. abelii), on the other hand, display the highest genetic diversity among the great apes (π = 2.5 × 10 −3 ); however, their census population size was estimated to be approximately 6,000-7,000 (Meijaard and Wich, 2007; Nater et al., 2013) , which is attributable to a recent decline in population size. The use of different samples and methods has yielded slightly lower estimates of genetic diversity in both species (Locke et al., 2011) .
In addition to extant primate species, recent advances in DNA sequencing technology using archaic samples has enabled the study of genetic diversity in extinct populations. Genome sequencing of archaic humans such as the Denisovans and Neanderthals revealed surprisingly low genetic diversity in these extinct populations. After correcting for the effects of strong inbreeding, the estimated nucleotide diversities of the Altai Neanderthal and Denisovan individuals were found to be 2.1-2.2 × 10 −4
, which is just 30% of that found in extant human populations (Prufer et al., 2014) . Studies on genetic diversity in extinct primate species are likely to have interesting implications for conservation biology.
Lesser apes (Hylobatidae) In contrast to the great apes, few studies have investigated genetic diversity in gibbons using multiple nuclear loci Chan et al., 2013; Carbone et al., 2014) . The most recent study, employing whole-genome resequencing, revealed great variability in the genetic diversity of gibbons within genera, with π values ranging from 7.3 × 10 ) in H. muelleri Chan et al., 2013) . These studies agreed that the ancestral population size of gibbons was large, that they diverged over a relatively short time period approximately 5 million years ago, and that they experienced continuous gene flow following speciation, which complicates the evolutionary history of gibbons.
Old World monkeys (Catarrhini)
The genomic features of the Old World monkeys (Cercopithecidae) have been relatively well studied because of their importance for biomedical research. Cynomolgus (crab-eating) macaques (Macaca fascicularis) were classified into four major groups based on their genetic characteristics: Indonesian-Malaysian, Indochinese, Philippine and Mauritian. The Indonesian-Malaysian population exhibits the highest genetic diversity among the fascicularis group of macaques (π = 3.2 × 10 −3 ) (Osada et al., 2010; Higashino et al., 2012; Fan et al., 2014) . The cynomolgus macaque population on the island of Mauritius, which originated from the Indonesian-Malaysian population in the 16th century, shows about 20% less genetic diversity than the Indonesian-Malaysian population (Osada et al., 2015) . Rhesus macaques (M. mulatta), a sister species of the cynomolgus macaques, are subdivided into Indian and Chinese populations, and exhibit slightly lower genetic diversity at the species level (π ≈ 2.0-2.9 × 10 −3 ) (Hernandez et al., 2007; Osada et al., 2010; Yan et al., 2011; Perry et al., 2012; Fan et al., 2014) . In contrast to these widely distributed species, the habitat of the Tibetan macaques (M. thibetana) is restricted to a limited region of China. As a result, they exhibit markedly low genetic diversity (π = 9.0 × 10 −4 ), comparable to that of non-African humans (Fan et al., 2014) . A study employing restriction siteassociated DNA sequencing (RAD-seq) estimated the π N. OSADA value of Tonkean macaque (M. tonkeana) as approximately 2.7 × 10 −3 , using regions distal from the annotated genes (Evans et al., 2014) .
Among the species in the genus Chlorocebus, relatively high genetic diversity (π = 2.3 × 10 −3 ) was estimated in vervet (grivet) monkeys (Chlorocebus aethiops) using transcriptome data (Perry et al., 2012) . Genome sequencing of the Vero cell line, which was established from C. sabaeus, revealed higher heterozygosity than humans, although direct comparison of this result with other studies is not feasible because of loss of heterozygosity and de novo mutations in the immortalized cell line .
Among the other groups of Old World monkeys, the sequencing of 12 autosomal loci in baboons (Papio) revealed a range of π from 4.2 × 10 −4 to 1.9 × 10 −3 and the existence of rampant gene flow between species (Boissinot et al., 2014) . A recent study employing whole-genome sequencing in snub-nosed monkeys (genus Rhinopithecus) revealed extremely low genetic diversity in this group: 2.1 × 10 −4 in Rhinopithecus strykeri, 3.9 × 10 −4 in R. bieti, 4.1 × 10 −4 in R. roxellana and 6.9 × 10 −4 in R. brelichi (Zhou et al., 2014) . Despite the strikingly low genetic diversity in certain species of this genus, caution should be exercised in interpretation, as these values were estimated from single individuals, and could be strongly influenced by the population structure of Rhinopithecus spp., most of which are endangered and live in fragmented habitats.
New World monkeys (Platyrrhini)
Very few studies employing multiple nuclear gene sequences have been conducted to estimate genetic diversity within New World monkey species (Hiwatashi et al., 2010) . The common marmoset (Callithrix jacchus), with its small body size, short life cycle and high fecundity, is widely used in biomedical research, and is one of the best-studied species of New World monkeys in the context of genomics research (The Marmoset Genome Sequencing and Analysis Consortium, 2014). A transcriptome study revealed π in the common marmoset to be as low as in African humans (1.2 × 10 −3
).
Prosimians (Lemuriformes and Tarsiiformes)
Prosimians are a paraphyletic group that includes the infraorders Lemuriformes and Tarsiiformes. Studies on genetic diversity in this group are summarized in this section. The group includes many endangered species, and surveying genetic diversity in this group is crucial to their conservation. However, studies conducted to date have largely been restricted to mitochondrial DNA and microsatellites (e.g., Blair et al., 2014; Brown et al., 2014) . Transcriptome data revealed relatively high genetic diversity in this group compared to Simian primates, with the exception of aye-ayes (Daubentonia madagascariensis; π ≈ 7.2 × 10 −4 ), whose genetic diversity was found to be similar to or lower than non-African humans (Perry et al., 2012) . The estimate of genetic diversity in aye-ayes using transcriptome data is consistent with estimates obtained using data from whole-genome resequencing (Perry et al., 2013 ) (Carneiro et al., 2012) . The levels are comparable to those found in domesticated animals such as dogs (Canis lupus familiaris) and cows (Bos taurus) (The Bovine HapMap Consortium, 2009; Gray et al., 2009) , as well as mammals with large body sizes such as giant pandas (Ailuropoda melanoleuca) and brown or polar bears (Ursus arctos or U. maritimus) (Hailer et al., 2012; Zhao et al., 2013) . The only exception is Coquerel's sifaka, which has a similar level of genetic diversity to wild mice. Second, the level of genetic diversity is quite variable even within genera. Closely related sister species sometimes exhibit considerably different levels of genetic diversity. For example, of the members of the genus Macaca, genetic diversity is approximately 3-4 times lower in Tibetan macaques than in cynomolgus macaques (Fan et al., 2014) . In addition, several primate species display moderate to strong levels of population structure; such populations are often classified into different subspecies, and certain subspecies may exhibit lower genetic diversity than the other subspecies. Third, although there is a certain level of fluctuation within genera, historical genetic diversity appears to have decreased along the lineage to humans. Does primate genetic diversity correlate with life history traits? Given that genetic diversity among primates varies more than 10-fold (Fig. 1) , examining the possibility of predicting genetic diversity in these animals on the basis of their life history traits is an interesting proposition. Toward this end, propagule size (body size of juvenile individuals at the time of weaning) and fecun-dity, two life history traits that show extremely strong correlation with genetic diversity across a wide range of animal taxa, were compiled for the species presented in Fig. 1 , and examined for statistically significant correlation with π. Given the possibility of a phylogenetic correlation among propagule size, fecundity and π, the analysis was carried out using the method of phylogenetically independent contrasts proposed by Felsenstein (1985) , which attempts to minimize the phylogenetic correlation of traits under the assumption of Brownian motion in trait evolution. The results are shown in Fig. 2 . Fecundity, which was approximated to the inverse of reproduction interval time (Romiguier et al., 2014) , showed a statistically significant positive correlation with genetic diversity (P = 0.029). On the other hand, propagule size, which displayed the highest correlation with genetic diversity across a broad spectrum of animal taxa, failed to exhibit significant correlation with genetic diversity in primates (P = 0.400).
The above-mentioned results indicate that despite certain significant trends, life history traits cannot be employed as general predictors of genetic diversity within primates. The low predictability is attributable to the relatively narrow range of trait values in primates. In addition, as mentioned earlier, most of the primate species, including humans, have experienced very recent fluctuations in population size, with different patterns of fluctuation among closely related species (Li and Durbin, 2011; Higashino et al., 2012; Fan et al., 2014; Zhou et al., 2014) . Evolutionary changes in life history traits appear to be much slower than changes in effective population sizes caused by environmental factors, which could explain the weak association between genetic diversity and life history traits among primates.
EVOLUTIONARY CONSEQUENCES OF LOW GENETIC DIVERSITY
Impact of small effective population size on slightly deleterious mutations As summarized in the previous sections, certain primate lineages, including the modern human lineage, display a trend towards decreasing genetic diversity. The theory of population genetics predicts a reduction in the efficacy of natural selection as the effective population size decreases, because genetic drift is expected to be stronger in small populations (Kimura, 1968; Ohta, 1973) . Figure 3 shows the predicted frequency spectrum of deleterious mutations relative to neutral mutations. The strength of natural selection on mutations is represented in this case by Derived allele frequency Ratio of deleterious to neutral mutations Fig. 2 . Correlation between nucleotide diversity (π) and life history traits. To eliminate phylogenetic dependence, standardized contrasts or phylogenetically independent contrasts (PIC; Felsenstein, 1985) were employed. PIC analysis was performed using the APE package in R (Paradis et al., 2004) . Branch length and life history traits were retrieved from Perelman et al. (2011) and Tacutu et al. (2013) , respectively. A)
Correlation between π and fecundity (inverse of the averaged inter-litter interval in females), B) correlation between π and propagule size (average volume of infants at the time of weaning). Fig. 3 , mutations with S < −5 are unlikely to become fixed in a population but will continue to segregate at a low frequency, while mutations with S < −50 would rarely be encountered at allele frequencies of > 10%. A reduction in N e has essentially the same effect as a decrease in s, and is expected to result in the segregation of a greater number of slightly deleterious mutations within a population of small effective population size. For example, a 10-fold decrease in population size is expected to result in 10-fold stronger effects of deleterious mutations at the population level.
The ratio of nucleotide diversity at non-synonymous to synonymous sites (π N /π S ) is an indicator of the degree of purifying selection within a population, assuming the absence of linkage between the synonymous and nonsynonymous sites. The effect of linkage has been investigated using computer simulations and shown to be negligible when the selection is not strong (Boyko et al., 2008) . Given that the values of π N and π S differ among genes, and that fluctuation of the ratio is possible for each gene, the ratio of averaged π N to averaged π S across genes or sites is usually considered. Figure 4 shows a reanalysis of the results obtained by Perry et al. (2012) , where π N and π S were investigated across a wide range of primate species using transcriptome sequencing. Similar to the plot in Fig. 2 , the data were analyzed considering phylogenetic independence. A statistically significant negative correlation (P = 0.008) was obtained between the level of genetic diversity (π S ) and the indicator of purifying selection within populations (π N /π S ), confirming the segregation of an increased number of slightly deleterious mutations in small populations. As shown in Fig. 3 , a small number of the segregating deleterious mutations could become fixed, potentially leading to a decline in the long-term fitness of organisms.
Notably, although humans are among the primate species with the lowest genetic diversity, other primates such as common marmosets and aye-ayes also possess low π S and high π N /π S , indicating that the reduction in the efficacy of natural selection and the acceleration of genetic drift occurred in parallel in different primate lineages. Thus, in this context, humans do not present a unique case.
Influence of non-adaptive forces of evolution on the human genome The evolutionary process at the population level is governed by four fundamental forces: natural selection, mutation, genetic drift and recombination. With the exception of natural (Darwinian) selection, which results in rapid fixation of beneficial mutations in a population, the other three are categorized as non-adaptive forces. Several molecular studies have highlighted the importance of non-adaptive forces in the evolution of the human genome, as thoroughly reviewed by Harris (2010) and strongly advocated by Saitou (2014) . Evidence supporting the dominating role of nonadaptive forces in shaping the evolution of the human genome is briefly summarized in this section; however, it should be noted that examining the signature of adaptive evolution in human genomic sequences is also important. First, as described in the previous section, the value of π N /π S in the human population is higher than in the majority of investigated species, suggesting that the effect of purifying selection is weaker in human populations than in other species with larger effective population sizes. Second, the ratio of non-synonymous to synonymous substitutions (d N /d S ) is higher in the human lineage than in other mammalian lineages such as the mouse and rat lineages (Ohta, 1995; Kosiol et al., 2008) . The ratio is even higher after the divergence from the last common ancestor of humans and chimpanzees (Wang et al., 2007) . Similarly, a higher proportion of radical amino acid changes (as opposed to conservative ones) have become fixed between humans and macaques than between mice and rats (Hughes and Friedman, 2009 ). Finally, a reduction in the level of polymorphism near fixed mutations, which is a hallmark of the recent and rapid fixation of beneficial mutations (the so-called selective sweep), was observed in Drosophila melanogaster and D. simulans (Sattath et al., 2011) but not in humans (Hernandez et al., 2011; Lohmueller et al., 2011) . Taken together, these patterns support, at least at the molecular level, the absence of a genome-wide signature of positive adaptive evolution in the human genome, with the exception of certain outlier loci (Sabeti et al., 2002 (Sabeti et al., , 2006 . However, the adaptive evolution of the human genome remains an issue of controversy (e.g., Akey, 2009; Cai et al., 2009; Enard et al., 2014) . 
Genetic diversity and conservation genetics
Whether the segregation and fixation of deleterious mutations decreases organismal fitness is an important question. The decline in the average fitness of a population is termed genetic load, and is of great importance to public health in humans and to the conservation of non-human primates. The genetic load attributable to mutations in particular is referred to as the mutation load (Muller, 1950) . While somewhat counterintuitive, recent studies using computer simulations predict that the mutation load caused by segregating mutations is unlikely to be strongly affected by recent demographic changes; this prediction is supported by the pattern of polymorphisms in humans (Lohmueller, 2014b; Simons et al., 2014; Do et al., 2015) . This insensitivity to recent demographic changes is attributable to particular characteristics of the frequency of deleterious mutations and their strength. The frequency of deleterious mutations in populations is skewed towards rare (Fig. 3) . For example, a decrease in population size results in the rapid purging of several deleterious mutations that occur at low frequencies, which in turn is balanced by increased frequencies of other deleterious mutations due to stronger genetic drift. Therefore, a drastic change in genetic load does not occur as a consequence of recent demographic changes, and a new equilibrium is gradually attained through the fixation and segregation of slightly deleterious mutations. Notably, although genetic load is insensitive to recent demographic changes, the frequency distribution of deleterious mutations in a population is altered after the change in population size (Lohmueller, 2014a) . Despite the theoretical predictions, the general consensus is that low genetic diversity, and therefore small population size, increases the extinction risk of populations. Several field studies have discovered a positive correlation between population size and the individual fitness of animals and plants (Reed and Frankham, 2003; Leimu et al., 2006) . This discrepancy is attributable to a complex interaction between deleterious mutations and individual fitness (for example, epistatic interactions among deleterious mutations), or the simplification inherent in commonly employed models of population genetics. Alternatively, despite the fluctuations in population size over time, the long-term effective population sizes are in turn determined by life history traits (Romiguier et al., 2014) , which could affect fitness through the fixation of slightly deleterious mutations.
In the context of long-term evolution, the fixation of slightly deleterious mutations could result in a significant decline in organismal fitness and lead organisms to extinction (Lande, 1994) . In sexual organisms, recombination could function to shield populations from the catastrophic effects of mutation load by eliminating deleterious mutations (Lynch and Gabriel, 1990) . In addition, compensatory mutations capable of ameliorating the deleterious effects of other mutations potentially contribute towards preventing organisms from continuous fitness decline . A large body of evidence supports the possible existence of several mechanisms for compensatory evolution at the molecular level, including RNA structure (Chen et al., 1999; Meer et al., 2010) , protein structure (Yanofsky et al., 1964; DePristo et al., 2005) , protein-protein interaction , nucleosome binding sites (Kenigsberg et al., 2010; Langley et al., 2014) , transcription factor binding sites (Doniger and Fay, 2007; Weirauch and Hughes, 2010) , codon usage bias (Li, 1987) , splice sites (Denisov et al., 2014) and gene loss (Harcombe et al., 2009) . Such molecular mechanisms could partially arrest fitness decline in organisms with small population sizes.
The study conducted by Perry et al. (2012) showed that genetic diversity is not always a good predictor of the endangered state of species. This is also the case with the Sumatran and Bornean orangutans (Nater et al., 2013) , where the more abundant Bornean population was found to exhibit lower genetic diversity, which is attributable to the very recent destruction of the habitats of the Bornean population by humans. Therefore, genetic diversity alone cannot be employed as the sole criterion for deciding whether a species is endangered. However, a decline in genetic diversity does increase the risk of extinction, and knowledge of the level of genetic diversity facilitates the determination of appropriate conservation strategies for a particular species. This is because species with lower levels of genetic diversity are likely to be more severely affected by inbreeding depression in breeding programs. Investigations of genetic diversity in several wild-living primates have become increasingly feasible with the dramatic reduction in sequencing costs. Although the data I have reviewed in this article are limited to a dozen primate species, the availability of large quantities of information in the future should greatly benefit studies on evolutionary and conservation biology of all living organisms, including primates.
